This paper investigated interfacial reactions in two Sn-57Bi-1Ag (mass%) solder joints, bonded to Cu and Au metallization. As the melting point of Sn-57Bi-1Ag is 138 C, bonding was conducted at 170 C and the bonding time was varied from 1 min to 60 min. The melting properties and microstructure of each solder joint were investigated. Results indicated that the melting point of the Sn-57Bi-1Ag solder joint bonded to Cu was approximately 140 C even after heating at 170 C for 60 min, and that the lamellar structure of Sn and Bi phases was similar to the structure at an initial state. Conversely, the melting start point of the Sn-57Bi-1Ag solder joint bonded to Au metallization was approximately 230 C after heating at 170 C for 60 min and the differential scanning calorimeter peak at 138 C disappeared. The microstructure of the solder joint did not show the lamellar structure of Sn and Bi phases, but rather consisted of an Au-Sn intermetallic compound, Bi phase, and Ag 3 Sn phase. The occurrence of voids in the solder joint was possibly suppressed by optimum loading.
Introduction
Environmental and health concerns led to the development and use of Sn-based lead-free solders such as Sn-3Ag-0.5Cu (mass%). The solidus temperature of a Sn-based lead-free solder is approximately 220 C, which is higher than that of a conventional eutectic Sn-Pb solder. Hence, the soldering temperature should also be high and equal to or exceed approximately 240 C. Consequently, the electronic components and substrates need to have greater heat resistance. Furthermore, the soldering process involves the bonding of components with coef cient of thermal expansion (CTE) mismatches. Thus, internal stress increases with the increase in soldering temperature, as the internal stress is proportional to the product of the CTE difference and the temperature difference between soldering temperature and room temperature. However, the lowering of the soldering temperature reduces the internal stress and enhances the reliability of the solder joint. Therefore, it is necessary to develop a low temperature soldering process. The low temperature bonding also has the added advantage of reducing the energy in the bonding process.
The eutectic Sn-58Bi (mass%) solder is a potential candidate for low-temperature soldering as this solder melts at 138 C. Several reports have indicated that small additions of a third element (Ag) re ne the microstructure of the eutectic Sn-58Bi solder and improve its ductility 1, 2) . McCormack et al. reported that 0.25 to 0.5 mass% addition of Ag to the near-eutectic Sn-Bi solder improves ductility 1) . Ueda et al. reported that 1 mass% addition of Ag increases the elongation of the eutectic Sn-Bi solder alloy 2) . A previous study also evaluated the reliability of the thermal stability of the circuit board with a quad at package soldered with Sn-58Bi-(0, 0.5, 1)Ag. Results suggested that heat exposure below 100 C has no serious degradation effect on the joint structure 3) . This study focused on the Sn-Bi eutectic solder added with 1 mass% Ag, namely Sn-57Bi-1Ag (mass%), with a melting point of approximately 138 C. The choice of the Sn-57Bi-1Ag solder allowed soldering to be conducted at approximately 170 C. This lowered the soldering temperature by approximately 70 C when compared with the soldering temperature in the case of Sn-3Ag-0.5Cu solder.
Additionally, there were considerable efforts to form a high-temperature solder joint by the reaction of the molten solder and substrate material. For example, it was reported that the annealing of Sn plating on Cu substrates at 350 C for 30 min resulted in the solder joint consisting of Cu 3 Sn and/or Cu 6 Sn 5 , with melting points of 640 C and 415 C, respectively 4) . This implied that the melting point of the solder joint was higher than that of the initial solder Sn. It was also revealed that the Sn layer bonded at 280 C for 60 min to the Cu layer formed on wafers was converted to the Cu 3 Sn layer 5) . Lu et al. evaluated the Ag and Sn-Bi solder system and found that the bonded sample at 200 C and the additionally annealed sample at 180 C show similar melting peaks at approximately 260 C. It was also shown that the bonded joint has a non-uniform distribution of the Sn phase and a highly Bi-rich phase 6) . In this study, a low-temperature lead-free solder Sn-57Bi-1Ag (mass%), which has improved mechanical properties when compared to the eutectic Sn-Bi solder, was used. The interfacial reactions between molten Sn-57Bi-1Ag and Cu and Au metallization at 170 C were investigated to form solder joints with melting point higher than that at the initial state. As the dissolution rate of Au into the molten Sn-40Pb solder is faster than that of Cu 7) , bonding to Cu and Au using Sn-57Bi-1Ag solder at 170 C was compared in this study.
Experimental Procedures
Two types of Sn-57Bi-1Ag solder joints bonded to Cu and Au metallization were investigated. A Cu block or a Cu block plated with Ni/Au was soldered by applying the Sn-57Bi-1Ag solder paste on a Cu substrate. The thicknesses of the Ni and Au electroplated layers were approximately 2 μm and 10 μm, respectively. The schematic illustration of the soldering process is shown in Fig. 1 . The solder paste was applied on the Cu substrate with a thickness of approximately 40 μm.
The Cu substrate was disk-shaped, with a diameter of approximately 10 mm. The joint area of the Cu block was 2 mm in diameter. Soldering was carried out using an infrared gold image furnace in a nitrogen atmosphere with a ow rate of approximately 1 L/min. The peak temperature in the soldering was 170 C and holding times at 170 C were 1 min, 30 min, and 60 min. Preheating at 100 C for 1 min was performed when the temperature was elevated to 170 C from room temperature. The temperature during the soldering process was controlled using the thermocouple attached near the sample. These samples were cooled naturally.
In the case of soldering the Cu block plated with Ni/Au, another soldering process was carried out, as shown in Fig. 2 . First, the solder paste was applied on the Cu substrate with a thickness of approximately 60 μm. Then, it was heated using the infrared gold image furnace in a nitrogen atmosphere with a ow rate of approximately 1 L/min at 170 C for 1 min to form a thin Sn-57Bi-1Ag solder coating layer. The organic residue of the solder paste was cleaned in an ultrasonic bath with alcohol and a small amount of ux was applied on the thin solder coating. Next, the Cu block with the Ni/Au layer was mounted and a weight of 4.4 g (0.014 MPa) was placed on the Cu block and heated in the same conditions as described above. The temperature during the heating process was also controlled using the thermocouple attached near the sample, so that the heat loss from the weight was negligible.
The melting properties of the formed solder joints were measured by a differential scanning calorimeter (DSC). The heating rate was 5 C/min and the maximum temperature was 300 C. The microstructures of the solder joints were observed and analyzed by an electron probe microanalyzer (EPMA). The Au-Bi-Sn phase diagram was calculated by Thermo-Calc 2015a.
Results and Discussions

Sn-57Bi-1Ag solder joint with Cu
The DSC curves of the solder joints between the Cu block and the Cu substrate bonded with the Sn-57Bi-1Ag solder at 170 C for 1, 30, and 60 min are illustrated in Fig. 3 . The gure shows the DSC data of the Sn-57Bi-1Ag solder by itself. Despite soldering at 170 C for 60 min, the melting point of the solder joint is approximately 140 C, which is almost the same as that of the Sn-57Bi-1Ag solder. Figure 4 shows the microstructure of the solder joint under each soldering condition. A ne lamellar structure is observed in the solder joint heated at 170 C for 1 min, as shown in Fig. 4 (a) . In Fig. 4 (a) , the light phases represent Bi phases and the gray regions indicate Sn-rich phases. As there is a small amount of Ag in the Sn-57Bi-1Ag solder, the Ag that usually exists as Ag 3 Sn is not clearly observed in Fig. 4 . As At the interface between the solder layer and the Cu substrate, the Cu-Sn intermetallic compound grows with increases in the holding time. However, the lamellar structure consisting of Bi-and Sn-rich phases remained. Hence, the melting point of the solder joint heated at 170 C for 60 min is still approximately 140 C. Takaku et al. reported that the growth rate of the Cu-Sn intermetallic compound in the solder joint between Sn-57Bi and the Cu substrate is smaller than that in the solder joints between the Cu substrate and Sn-37Pb or Sn-3.5Ag or Sn. This is because of the lower Sn content in Sn-57Bi when compared with the other Sn-based solders 8) . This report also reveals that heat treatment at 250 C for approximately 60 min makes the thickness of the Cu-Sn intermetallic compound layer to less than approximately 2 μm. Hence, it is very difcult to form high-temperature solder joints by soldering Sn57Bi-1Ag to the Cu substrate at low temperatures (less than 200 C) unless the solder layer is very thin. Figure 5 shows the DSC curves of the solder joints between the Au layer and Cu substrate bonded with the Sn57Bi-1Ag solder at 170 C for 1, 30, and 60 min. As depicted in Fig. 5 , an endothermic peak at approximately 140 C is observed in the solder joint heated at 170 C for 1 min, which is the same as that of the initial Sn-57Bi-1Ag solder. In the solder joint, an exothermic peak is observed at approximately 260 C. In the solder joint heated at 170 C for 30 min, the endothermic peak observed at approximately 140 C is reduced and two new endothermic peaks appear at approximately 150 C and 230 C. In the solder joint heated at 170 C for 60 min, the endothermic peak observed at approximately 140 C disappears, and an endothermic peak at approximately 230 C and an small endothermic peak at approximately 260 C are observed. This result implies that the melting start point of the solder joint increases from approximately 140 C to 230 C by soldering the Au layer using the Sn-57Bi-1Ag solder at 170 C.
Sn-57Bi-1Ag solder joint with Au
The microstructure of the solder joint was investigated using an EPMA. Figure 6 shows the cross-sectional image of the Sn-57Bi-1Ag solder joint between the Au layer and the Cu substrate bonded at 170 C for 30 min. The ne lamellar structure of Bi and Sn phases is not observed. The microstructure mainly consists of two coarsened phases, indicated by the lighter area and the gray area. The Au layer thickness is reduced to 4.2 µm from the initial thickness of 10 µm. Additionally, there are several voids in the solder joint. Figure 7 shows the results of the EPMA element mapping analysis. The light phases are Bi, and in the gray phase, both Au and Sn are almost uniformly present except in the areas around (a) and (b). This indicates that the Au layer partially dissolves in the molten solder and Au-Sn intermetallic compounds are formed. The area (a) in the solder joint is a highly Sn-rich phase. In area (b), a large Ag-Sn intermetallic compound, which is considered to be Ag 3 Sn, is observed between Bi and the Au-Sn intermetallic compound. The EPMA quantitative analysis revealed that the range of Au content in the Au-Sn intermetallic compound layer is approximately 30 mass% to 50 mass%. Hence, the Au-Sn intermetallic compounds are considered to be AuSn 4 , AuSn 2 and AuSn. At point (c) in Fig. 7 , the composition of the Au-Sn intermetallic compound is Sn-47.4Au-1.8Cu (mass%). As shown in Fig. 5 (3) , a small endothermic peak at approximately 150 C is observed in the DSC curves, which is considered to be related to Au-Sn intermetallic compound with higher Sn content. Figure 8 shows the calculated Au-Bi-Sn ternary phase diagram of the Sn-58Bi (mass%) solder added with Au up to 27 mass% by Thermo-Calc 2015a, where the Bi content is xed at 58 mass%. The chemical composition in each phase is considered using the Au-Bi-Sn ternary phase diagram of different compositions 9) . The phase diagram shows that the solidus line shifts to the high-temperature side from 138 C to 147 C when the Au content increases and exceeds approximately 12 mass%. This phase diagram also indicates that the alloy with the Au ratio from 19 mass% to 26 mass% consists of AuSn, AuSn 2 , and Bi. The solidus line is approximately 236 C and the liquidus line exceeds 300 C. It is considered that the solidus line corresponds to the endothermic peaks at approximately 230 C of the DSC curves shown in Fig. 5 . In this alloy, the phase transformation also occurs between 236 C and 265 C. In Fig. 5 (2) and (3), exothermic peaks are observed at approximately 260 C and 250 C, respectively. The peaks are considered to correspond to line (a) of the calculated Au-Bi-Sn ternary phase diagram shown in Fig. 8 . As the temperature increases, the formation phase changes from L + AuSn 2 to L + AuSn 2 + AuSn at line (a). The joint soldered at 170 C for 1 min has a higher exothermic temperature than the joint soldered at 170 C for 30 min. As the Au content is higher, the temperature of line (a) decreases in Fig. 8 . The composition of the solder joint formed in this study is different from that shown in Fig. 8 , as Ag is neglected and the content of Bi is xed in the calculation. However, it is considered that a similar phenomenon occurs in the study since the Ag content is small and the Sn content tends to decrease because of the reaction at the interface with the Cu substrate. That is, Au dissolves into molten Sn-57Bi-1Ag when the Au layer is soldered using Sn-57Bi-1Ag at 170 C. As the concentration of Au in the molten solder at 170 C increases, AuSn 2 crystallizes in the liquid phase. Then, Bi crystallizes at the Au content of approximately 5 mass%. When the Au content exceeds 19 mass%, AuSn crystallizes and the liquid phase disappears. Consequently, the formed phase consists of Bi, AuSn 2 , and AuSn with the solidus temperature of approximately 236 C. In this study, as the solder has 1 mass% Ag, Ag 3 Sn also crystallizes in the solder joint, as shown in Fig. 7 . Finally, the solder joint consists of Au-Sn intermetallic compounds, large Bi phases, and small amounts of Ag 3 Sn. This results in the formation of a solder joint with a higher melting point than that of the original solder.
Even though the melting point of the solder joint is higher, the reliability of the solder joint degrades if the solder joint has several voids, as shown in Fig. 6 . Given that the solder joint without the Au layer does not have any distinct problem with respect to voids, the voids in the solder layer with the Ni/Au-plated Cu block are predominantly due to the change in the microstructure of the solder joint. The dissolution of Au into the molten solder results in the Au-Sn intermetallic compound precipitates, the appearance of the coarsened Bi phases, and then, the rapid increase in the melting point. It is considered that the changes in the microstructure of the solder joint lower the uidity of the molten solder and inhibit the exhaust ux outside the solder layer, resulting in several remaining voids.
As shown in Fig. 2 , another soldering process is evaluated to reduce the formation of voids. In this soldering process, the solder coating layer is formed previously and a Cu block is soldered to the thin coating layer using a weight. A weight is used to help the molten solder to wet a Cu block quickly, before the melting point of the molten solder increase and the uidity lowers. The DSC curves of the Sn-57Bi-1Ag solder joint formed in the above process with pressure are depicted in Fig. 9 . The melting point increases from approximately 138 C to 230 C following the heat treatment at 170 C for 30 min. Figure 10 illustrates the cross-sectional view and results of EPMA mapping analysis of the solder joint heated at 170 C for 30 min with pressure. The solder joint also consists of Au-Sn intermetallic compounds, Bi phases, and Ag 3 Sn, and the occurrence of large voids was reduced.
The reason for the endothermic small peak at 290 C in Fig. 9 (2) is unclear from the calculated Au-Bi-Sn ternary phase diagram shown in Fig. 8 . Nevertheless, it is considered to be due to the reaction of Au-Sn intermetallic compounds with the liquidus phase.
As described above, the melting point of the solder joint increases because of the soldering of the Au layer by using a Sn-57Bi-1Ag solder at 170 C. Thus, the soldering process can be improved further. For example, if the Sn-57Bi-1Ag solder is much thinner, the thickness of the Au plating would also be thinner, or the soldering time would be shorter than that in the study. The soldering process can also be applied to the soldering of Si chips with gold bumps to the Cu electrode of the substrate, or the die bonding process for low-temperature-resistant devices.
Conclusions
The interfacial reactions in two Sn-57Bi-1Ag (mass%) solder joints bonded to Cu and Au metallization were investigated by soldering the Cu block and the Ni/Au-plated Cu block to the Cu substrate at 170 C. The results are summarized as follows: (1) The melting point of the Sn-57Bi-1Ag solder joint bonded to Cu is approximately 140 C even after heating at 170 C for 60 min, and the microstructure exhibits the lamellar structure of Sn and Bi phases after heating. (2) The melting point of the Sn-57Bi-1Ag solder joint bonded to Au is approximately 230 C after heating at 170 C for 60 min. The microstructure of the solder joint does not contain the lamellar structure of Sn and Bi phases, but rather Au-Sn intermetallic compounds, Bi phases, and Ag 3 Sn phases. (3) The solder joint has many voids in the case of the conventional bonding process without bonding pressure. Nevertheless, the occurrence of voids is suppressed by optimum loading.
